Gastric mucus is secreted to form a gel layer on the gastric mucosa, which acts as a lubricant for ingested food and protects against injury from digestive juice, alcohol, hypertonic or hypotonic foods, spices, drugs, etc. However, even in the absence of food in the stomach, the gastric mucosa should be coated with mucus against unexpected invasions. Therefore it is thought that gastric mucus secretion is controlled by many factors in different ways. Prostaglandin E 2 (PGE 2 ) and secretin, which are known inhibitors of gastric acid secretion, stimulate mucus secretion.
Mechanisms of Gastric Mucus Secretion from Cultured Rat Gastric
The effects of carbachol, cholecystokinin octapeptide (CCK-8), secretin, prostaglandin E 2 (PGE 2 ), and second mediator-like substances (A23187, phorbol 12-myristate 13-acetate, and dibutyryl cAMP) on mucus secretion from cultured gastric epithelial cells were investigated. Gastric mucus was measured by an enzyme-linked lectin assay with soybean agglutinin and wheat germ agglutinin. Intracellular cAMP and Ca 2؉ were measured with a cAMP assay kit and an image analysis system using fura-2-loaded cells, respectively. Secreted mucus induced by any combination of receptor agonists was almost equal to the summation of each stimulated mucus secretion. On the other hand, combined stimulation with second mediator-like substances secreted mucus synergistically. These results suggest the existence of interactions among receptors for mucus secretion. Based on these results, the secretagogue induced intracellular cAMP and free calcium ( Key words gastric epithelial cell; mucus secretion; intracellular free calcium; protein kinase C; cAMP in medium A (0.5 mM NaH 2 PO 4 , 1 mM Na 2 HPO 4 , 20 mM NaHCO 3 , 70 mM NaCl, 5.0 mM KCl, 11 mM glucose, 25 mM HEPES, and 1.0% BSA [pH 7.3]) containing Dispase I (1000 U/ml) (Godo-Shusei Co., Tokyo, Japan), and gassed with 95% O 2 and 5% CO 2 at 37°C for 1 h. The stomach was transferred to medium A with 0.5 mM EDTA. Mucosal cells were gently isolated by pipetting from the surface of the gastric mucosa and filtered through a 150-mesh nylon filter. Cells were collected by centrifugation at 50ϫg for 3 min and resuspended in medium B. The surface epithelial cells were separated as a precipitate by density gradient centrifugation with 15% Percoll (Amersham Pharmacia Biotech, Uppsala, Sweden) at 300ϫg for 5 min. Obtained cells were inoculated onto plastic dishes (35 mm in diameter) coated with collagen gel (2ϫ10 6 cells/dish) and cultured in a mixture of Dulbecco's modified Eagle's minimum essential medium and Ham's F-12 (1 : 1) supplemented with 10% fetal calf serum (FCS) and gentamicin sulfate 100 mg/ml at 37°C in a CO 2 incubator.
Protocol of Mucus Secretion Experiment On day 2 after inoculation (2 d of culture) of epithelial cells, the dishes were washed with medium B and preincubated with medium B for 15 min at 37°C in a CO 2 incubator. Then epithelial cells were incubated with the secretagogue in the culture medium for 60 min in a CO 2 incubator. After mixing by gently inclining the dishes, an aliquot of culture medium was collected for mucus measurement. Total mucus was measured after sonication of the frozen and thawed cells.
Measurement of Gastric Mucus
An enzyme-linked lectin assay (ELLE) was used for the measurement of mucus. Soybean agglutinin-coated microwell plates and biotinylated wheat germ agglutinin were used for this assay. Staining was developed by avidin-peroxidase complex with 0.03% H 2 O 2 and 3-amino 9-ethylcarbazole as a chromophore.
Measurement of Intracellular cAMP Cells that had been cultured for 2 d and washed were incubated with a secretagogue in the presence of 3-isobutyl 1-methylxantine (IBMX) (1ϫ10 Ϫ4 M) at 37°C for 10 min. After discarding the incubation medium, 6% trichloroacetic acid (TCA) was added to the culture dishes. The samples for cAMP measurement were prepared after exclusion of TCA with ethyl ether from the supernatant collected by centrifugation. Contents of cAMP in the samples were measured using a cAMP enzyme immunoassay system (Amersham, Buckingham, U.K.).
Measurement of Intracellular Free Calcium
For the measurement of the concentration of intracellular free calcium ([Ca 2ϩ ] i ), 7) epithelial cells (1ϫ10 5 cell/dish) were inoculated on the glass base dish (Iwaki Glass, Tokyo, Japan) coated with collagen gel so as to form small cell layers. The cultured cells were incubated with well-dispersed fura-2-AM (5 mM) for 60 min and washed with culture medium. The fura-2-loaded cells in the dish were placed on a microscopic stage and incubated with culture medium containing a secretagogue. Fluorescence at 510 nm, excited at 340 and 380 nm alternatively, was recorded with a SIT camera (Hamamatsu Photonics, Hamamatsu, Japan) and analyzed using the ARGUS 50/Ca image analysis system (Hamamatsu Photonics).
Statistical Analysis Data were analyzed using Student's t-test for paired comparisons. The statistical significance of the difference between basal values and stimulated ones in the dose-response curves was determined by the analysis of variance.
RESULTS

Interactions among Some Secretagogues in Stimulation of Mucus Secretion
The effects of carbachol, secretin, CCK-8, PGE 2 , and each paired combination on mucus secretion from cultured gastric epithelial cells were examined (Table 1) . Based on the dose-response relationships, the submaximal dose of each secretagogue was used in this study. Mucus secretion induced by any combination of two secretagogues was almost equal to the summation of mucus secretion induced by each secretagogue. Therefore mucus was additively secreted by the simultaneous administration of each pair of these secretagogues.
Effects of Second Mediator-Like Substances on Mucus Secretion
The effects of dose-response relationships of the second mediator-like substances A23187, PMA, forskolin, and cAMP on mucus secretion from the cultured gastric epithelial cells were examined. Mucus secretion was strongly stimulated by A23187 and PMA in a dose-dependent manner and weakly stimulated by forskolin and dbcAMP ( Fig. 1) . We also investigated the effects of combined administration of second mediator-like substances on mucus secretion. To induce approximately 10% of total and significant mucus secretion, we chose 5ϫ10
, and 1ϫ10 Ϫ3 M as the doses of A23187, PMA, and dbcAMP, respectively. The effects of combined administration of these substances are shown in Table 2 . Mucus secretion was synergistically induced by combined stimulation with these secretagogues, and the amount of secreted mucus was markedly more than the summation of individual secretagogue-induced mucus secretion.
Effects of Secretagogues on Intracellular cAMP Concentration
The effects of carbachol, CCK-8, PGE 2 , and secretin on the intracellular cAMP accumulation in cultured gastric epithelial cells were estimated in the presence of IBMX (Table 3) . Forskolin, an adenylate cyclase activator, markedly stimulated cAMP accumulation in gastric epithelial cells. Secretin and PGE 2 stimulated cAMP accumulation significantly. However, carbachol and CCK-8 did not stimulate it, nor did gastrin I and histamine (data not shown).
Effects of Carbachol and CCK-8 on [Ca
2؉
] i in Gastric Epithelial Cells The effects of carbachol and CCK-8 on [Ca 2ϩ ] i in gastric epithelial cells were investigated. When the cultured cells were incubated with carbachol, an increase in the fluorescence ratio (340 nm/380 nm) of fura-2 in a cell layer (about 10 cells) was observed (Fig. 2) . After measurement of [Ca 2ϩ ] i , the cells were stained with the periodic acidSchiff (PAS) method. All cells in which [Ca 2ϩ ] i was increased by carbachol were PAS positive ( Fig. 2(A) ). Figure  2 (C) shows the changes in the fluorescence ratio in three cells in one cell layer with time, in which synchronized changes in the ratio were observed in the neighboring parts (a) and (b) in Fig. 2(B) . However, an independent [Ca 2ϩ ] i increase was seen in part (c) on the opposite side of the cell layer.
CCK-8 also induced a [Ca 2ϩ ] i increase in a cultured epithelial cell, in which a transient [Ca 2ϩ ] i increase was seen (Fig. 3) . However, secretin and PGE 2 did not induce a [Ca 2ϩ ] i increase (Fig. 3) .
Effects of Protein Kinase A and C Inhibitors and Intracellular Calcium Chelator on Secretagogue-Induced Mucus Secretion Table 4 shows the effects of (A) H-89 (a protein kinase A inhibitor), (B) chelerythrine (a protein kinase C inhibitor), and (C) BAPTA-AM (an intracellular calcium chelator) on secretagogue-induced mucus secretion. H-89 significantly inhibited dbcAMP-, PGE 2 -, and secretin-induced mucus secretion. However, it did not inhibit carbacholand CCK-8-induced mucus secretion. Chelerythrine significantly inhibited PMS-, carbachol-, and CCK-8-induced mucus secretion, but not PGE 2 -and secretin-induced secretion. On the other hand, BAPTA-AM significantly inhibited mucus secretion induced by all the secretagogues investi- 16 Vol. 25, No. 1 gated. BAPTA-AM inhibited 89%, 81%, and 86% of A23187-, carbachol-, and CCK-8-induced mucus secretion, and 58% and 58% of PGE 2 -and secretin-induced secretion, respectively.
DISCUSSION
We investigated the effects of second mediators of various secretagogues on mucus secretion from rat cultured gastric epithelial cells. For this purpose, we chose carbachol, CCK-8, secretin, and PGE 2 as agonists for the receptors, and dbcAMP, PMA, and A23187 as second mediator-like substances. When cells receive different kinds of stimuli concomitantly, they usually respond synergistically. However, combined administration of paired receptor agonists stimulated mucus secretion not synergistically but additively. On the other hand, combined administration of second mediatorlike substances stimulated mucus secretion synergistically. These results suggest that the receptors for mucus secretion interact with each other. We reported on receptor-receptor interactions in our previous paper. 8) It is thought that many gastrointestinal hormones and physiologically active substances act concurrently on the same digestive organs after meals. If these substances stimulate mucus secretion synergistically, huge amounts of mucus must be secreted. Mucus should protect the gastric mucosa in any situation, and therefore a regulatory system that prevents exhaustion of the mucus supply might operate on the gastrointestinal mucosa.
The carbachol-and CCK-8-induced PI turnover in gastric epithelial cells had already been demonstrated. 4) We also investigated [Ca 2ϩ ] i and diacylglycerol (DG) levels in this study. Since Seidler and Pfeiffer 5) mentioned that the [Ca 2ϩ ] i increase in gastric mucous cells was lower than that in chief cells or parietal cells, an improved method for [Ca 2ϩ ] i measurement in the cells was necessary. We employed a microscopic technique using 2-day cultured cell layer adhering to collagen gel. To obtain direct evidence of the [Ca 2ϩ ] i increase induced by carbachol and CCK-8, we inoculated gastric epithelial cells so as to form small cell layers for high incorporation of fura-2-AM into the cells, because sometimes the enhanced [Ca 2ϩ ] i increase was only seen at the edge of a large cell layer. In this manner, we could observe changes in the fluorescence ratio in the cultured gastric epithelial cells with carbachol and CCK-8. Carbachol induced changes in [Ca 2ϩ ] i which were synchronized with those in a neighboring cell. Therefore it was thought that a tight junction between cells in a cell layer was formed. However, even at high concentration, ] i increase. Forskolin strongly stimulated cAMP accumulation in the gastric epithelial cells and weakly stimulated mucus secretion. Both secretin and PGE 2 stimulated mucus secretion more strongly than forskolin, although they induced less cAMP accumulation than forskolin. From the discrepancy between the amount of cAMP and secreted mucus, it is suggested that secretin and PGE 2 stimulate mucus secretion by involving certain intracellular changes other than cAMP.
To confirm the second mediators of mucus secretion, we used second mediator-specific inhibitors. ] i increase was induced by the histamine receptor-associated G-protein.
9) It was also reported in rat pancreatic acinar cells that secretin stimulated both cAMP accumulation and inositol trisphosphate production. 10) Taking those reports and our results into consideration, it is suggested that an undetectable [Ca 2ϩ ] i increase occurred accompanied by receptor-associated cAMP accumulation. Since a sufficient amount of mucus secretion was not induced by dbcAMP or forskolin, secretin and PGE 2 would induce the [Ca 2ϩ ] i increase through G-protein. It was reported that phosphorylation of the membrane-cytoskeletal linker by protein kinase A and promotion of vesicular motor activity by Ca 2ϩ -activated protein kinase play an important role in the formation of secretory canaliculus by the fusion of tubulovesicles and the apical membrane in parietal cells. 11) A similar mechanism would proceed in mucus secretion. However, it should also be noted that cAMP plays various roles at low [Ca 2ϩ ] i . Much research is necessary to clarify the interaction between cAMP and [Ca 2ϩ ] i in mucus secretion. In conclusion, carbachol and CCK-8 stimulate mucus secretion from gastric epithelial cells through the [Ca 2ϩ ] i increase, and probably protein kinase C activation, and secretin and PGE 2 stimulate it through cAMP accumulation and the [Ca 2ϩ ] i -associated pathway. In the physiological state, many gastrointestinal hormones, autacoids, and neurotransmitters act concomitantly, and mucus cells secretion in high intracellular cAMP and [Ca 2ϩ ] i conditions is regulated interactively.
